The effect of CCHS (congenital central hypoventilation syndrome, or Ondine's curse) on shortterm BP (blood pressure) and HR (heart rate) variability was evaluated in 16-year-old subjects presenting a form of CCHS requiring night ventilatory assistance. The 12 patients were compared with 12 age-and gender-matched healthy volunteers. Recordings were obtained during daytime while the subjects were breathing spontaneously. Continuous BP was measured with a Finapres ® device in the supine, head-up tilt and standing positions. The manoeuvre of actively standing was also analysed. HR levels were elevated in CCHS subjects at supine rest (+ 23 %) with a reduced HR overall variability (− 88 %). The low-and high-frequency components of HR variability were affected. BP levels were preserved at rest, but the manoeuvres demonstrated a limited capacity to elevate BP. There was no overshoot in BP during the manoeuvre of actively standing, and steady standing BP levels in patients were not higher than supine BP levels as usually observed in healthy controls. The spontaneous baroreflex sensitivity estimated using the sequence technique or the cross-spectral analysis fell in the patients to approx. one-third of the sensitivity estimated in the healthy controls whatever the position. This cardiovascular profile suggests a predominant vagal dysfunction with signs of vagal withdrawal and baroreflex failure, and relative preservation of the cardiac and vascular sympathetic function. It is likely that the impaired ontogeny of the visceral reflexes, considered now to cause CCHS syndrome, includes the baroreceptive pathway and mainly its vagal component.
INTRODUCTION

CCHS (congenital central hypoventilation syndrome, or
Ondine's curse; OMIM 209880) is a very rare disease with a prevalence estimated to be 1 in 200 000 births in France [1] . In patients with CCHS, sleep is associated with severe alveolar hypoventilation due to impaired central chemosensitivity [2, 3] . Ventilatory support is required during the night to optimize gas exchange and to limit the detrimental cerebral effects of intermittent hypoxaemia, and also to improve the overall quality of life. The convergence of baroreceptor and peripheral chemoreceptor afferents on neurons in the medulla largely underlie the interactions between chemoreflexes and arterial baroreflexes [4] . The study of BP (blood pressure) regulation and BRS (baroreflex sensitivity) in CCHS, associated with altered chemoreception, may therefore give some insight into the underlying pathophysiology of the disease. In addition, several alterations in autonomic nervous system function have been reported in CCHS, including decreased HR (heart rate) variability, sinus bradycardia or transient asystole [2, 5, 6] . Ambulatory BP monitoring has also shown low BP levels and usually a non-dipper profile in CCHS [7] .
With the aim of achieving a description of short-term regulation of BP in CCHS, 12 patients were compared with 12 healthy volunteers during rest in a supine position, during a head-up tilt, when actively standing and during steady standing. Recordings were obtained during wakefulness with a spontaneous breathing pattern authenticated with pulse oxymetry and respiratory recordings.
METHODS
Subjects
The study population comprised 12 patients with CCHS (11 females and one male; mean age, 16.1 + − 1.6 years; mean height, 156.4 + − 4.5 cm; 46.9 + − 4.7 kg; values are means + − S.E.M.) and 12 age-and gender-matched healthy subjects (11 females and one male; mean age, 16.7 + − 1.6 years; mean height, 156.2 + − 4.6 cm; and mean body weight, 52.1 + − 5.6 kg). The patients were a subgroup of the cohort constituting the French CCHS registry. All patients had been evaluated at the Department of Physiology, Robert Debré Hospital, Paris, France, and fulfilled criteria for idiopathic CCHS, i.e. persistent alveolar hypoventilation during sleep while the patient breathed room air, lack of ventilatory response to inhaled CO 2 and the absence of lung, cardiac, neuromuscular or brainstem disorders known to cause hypoventilation [3, 8] . Assisted ventilation during the night was administered through a nasal mask in six patients and a tracheostomy in the other six patients. All patients breathed spontaneously without assistance during the daytime. None was receiving medication known to affect BP or HR. All patients presented with an isolated CCHS phenotype. Heterozygous mutations in the PHOX2B gene were found in all of the ten patients who had been screened.
Patients were accompanied by their family and originated from various regions in France. These families came to Paris for 3 days for the regular annual meeting of the Association Française du Syndrome d'Ondine. Families were asked to come with friends of their children who served as healthy controls. These healthy subjects were not relatives and were free of cardiovascular disease and none was taking any medication. The study was performed with the approval of the Ethics Committee of Paris Bichat-Claude Bernard. Informed consent was obtained from the parents.
Study design
The clinical examination during the inclusion visit and the recordings of the study were performed during the daytime within a 3-day period at the Clinical Investigation Centre of the Robert Debré Hospital. All subjects breathed room air spontaneously during the study. Oxygen saturation was measured using a pulse oxymeter sensor (Masimo Corporation, Irvine, CA, U.S.A.). No difference in oxyhaemoglobin saturation was observed between the two groups of subjects (99.0 + − 0.2 % in healthy controls and 97.7 + − 0.8 % in CCHS patients).
After a 10 min rest, BP, HR and respiration were recorded for 5 min in the supine position, followed by 5 min passive 60
• head-up tilt. After tilting, the table was returned to its prior horizontal position. After 10 min of rest, another 1 min period of supine rest was recorded, followed by 5 min of active standing. Three sets of recordings in each of the steady supine, head-up tilt and standing positions were obtained. The manoeuvre of actively standing was analysed separately.
BP was quantified by photoplethysmography with a Finapres ® device (model 2300; Ohmeda, Trappes, France) using the appropriate cuff sizes fitted to the third finger of one hand, passively maintained at the heart level during the manoeuvres [9] . Respiratory movements were quantified by inductance plethysmography using an abdominal belt with a respiration transducer TSD 101 and a RSP 100A unit (Biopac Systems, Santa Barbara, CA, U.S.A.). HR was monitored from the ECG using a cardiocap 2 monitor (Datex Engstrom, Helsinki, Finland).
Data acquisition and processing
BP and respiration signals were integrated using a polygraphic Biopac Station equipped with a MP 100 acquisition unit (500 Hz) and Acqknowledge software for processing the data. The details of data acquisition and analysis have been described previously [10] . An evenly 0.1 s spaced (equidistant) sampling of systolic BP, diastolic BP, RR interval and HR allowed direct spectral analysis of each 102.4 s segment using a fast Fourier transform. The frequency of oscillation scale was analysed up to 0.5 Hz. Power of the systolic BP and HR spectra had units of mmHg 2 or beats/min 2 respectively. The integration of the values of consecutive bands was computed to estimate the different components of variability. The HF (high-frequency) component was obtained by integrating the BP or HR power over a 0.0684 Hz bandwidth centred by the respiration rate. The HF oscillation of the heart rhythm corresponded to the respiratory sinus arrhythmia. The LF (low-frequency) component was obtained by integration of the values of consecutive bands from 0.04-0.15 Hz of the BP or heart rhythm spectrum in order to include the BP 10 s rhythm (0.1 Hz) corresponding to Mayer waves. The highest value of the respiratory signal detected within the 0.2-0.5 Hz band indicated the average respiratory rate of the corresponding period. Descriptive statistics of the [11] . The BP or heart period time series were correlated in the time domain for the sequence method [12] . This procedure identifies the spontaneous sequences of three or more consecutive beats in which systolic BP progressively rose and heart period progressively lengthened (or systolic BP progressively fell and heart period progressively shortened) with a lag of one beat. No threshold was applied for detecting a ramp or a heart period change. For each sequence, the linear correlation coefficient between heart period and systolic BP was computed and the sequence validated when r > 0.85. The slope between heart period and systolic BP was calculated for each validated sequence. The percentage of beats involved in such baroreflex sequences and the average slope were calculated for each recording. The two variables were also related in the frequency domain, using spectral analysis, with a BRS estimated by the gain of transfer function in the LF and HF bands [13] . This procedure provided values of coherence, gain and phase in the frequency domain. The coherence function quantifies the amount of linear coupling between two time series at any given frequency, and has values between 0 and 1. The gain function defines the ratio between changes in heart period and changes in systolic BP, and has units of ms/mmHg.
Statistical analysis
Results are means + − S.E.M. Comparisons between the two groups according to posture and between postures within a group were made using a two-way repeated measures ANOVA, followed by the Student NewmanKeuls test for multiple comparisons. When the variance ratios were significantly different (F > 0.05), a logarithmic transformation was applied. Effects of the standing manoeuvre were compared using a paired Student's t test. Differences were considered significant when P < 0.05.
RESULTS
Data were collected from healthy subjects and from CCHS patients in the supine, head-up tilt and standing positions (Table 1 ). Supine BP levels were similar in the two groups. Head-up tilt or standing increased diastolic BP in the controls, but not in the CCHS patients. Systolic BP levels when standing were lower in the patients compared with the controls. Resting HR was 23 % higher in the CCHS patients. Head-up tilt or standing increased HR in both groups. The variance of the BP time series corresponding to the overall BP variability was not different in the two groups in contrast with the HR variability, which was 48-60 % lower in the CCHS patients whatever the position. Breathing rate did not differ between groups in any position.
LF and HF components of BP and HR variability were analysed in the three positions (Table 1 ). There was a marked diminution in the LF and HF components of HR variability in CCHS patients in the three positions. By contrast, the LF and HF components of BP variability did not differ between the groups.
Spontaneous BRS was derived from the cross-spectral analysis (Figure 1 ). In the control group, the highest gains were found with subjects in the supine position compared with head-up tilt or standing. LF and HF gains were decreased markedly in CCHS subjects in all postures.
Spontaneous BRS estimations were also derived from sequence analysis (Figure 1 ). The slope relating heart period changes to systolic BP changes reflecting the BRS was highest in the supine position. CCHS subjects exhibited a marked diminution in slopes in the three postures. Figure 2 illustrates the effect of the manoeuvre of actively standing in a control subject, and the usual indices derived from this manoeuvre are also shown [14] . In the healthy subject, there was an initial transient fall in BP associated with a rise in HR. The fall in BP was followed by an overshoot until BP settled at a steady, but elevated, level approx. 1 min after standing. By contrast, in a CCHS patient (Figure 3) , the initial fall in BP was not followed by an elevation in HR; there was no BP elevation with standing and HR fluctuations were reduced. Table 2 shows the average effects of the active standing manoeuvre in the two groups. Resting HR was high in the patients. The initial fall in systolic BP, which was similar in both groups, produced a marked rise in HR in the controls, which was of a lesser amplitude in the patients. No systolic BP overshoot was observed in the patients during the standing manoeuvre. The steady standing systolic BP levels were higher than the supine levels in the controls. In the patients, this difference was reversed, with standing BP levels lower than supine levels.
DISCUSSION
Subjects with CCHS were compared with healthy controls while awake and breathing room air. The cardiovascular changes observed during simple manoeuvres, such as head-up tilt and active standing, could therefore not be attributed to the direct effect of breathing disturbances on BP and HR [15] . The main finding of the present study is the observation of elevated HR levels with a reduced HR variability in CCHS patients. BP levels were preserved at rest, but the manoeuvres demonstrated a limited capacity to elevate BP. In addition, spontaneous BRS fell markedly in CCHS patients.
An elevated HR with a reduced HR variability affecting the two frequency domain components (LF and HF) of HR variability suggest a reduced parasympathetic influence on the sinus node. Reduced sympathetic control of HR may well contribute to the reduced LF component, which is under dual vagal and sympathetic influences, whereas the HF component (respiratory sinus arrhythmia) depends mainly on the vagus [16] . However, the active standing manoeuvre and the steady standing HR levels do not favour the hypothesis of a cardiac sympathetic dysfunction in CCHS, since the slow (sympathetic) HR increase was maintained while standing. Fast HR changes of vagal origin, such as the acute HR response to the initial standing BP fall or the RR changes observed in response to BP ramps in the same direction (sequence analysis), corroborate the hypothesis of a predominant vagal dysfunction in CCHS. Crossspectral analysis reinforced this hypothesis as illustrated by an altered gain in the HF and LF range as well, and altered delays between the BP and RR oscillations. BP levels also support the concept that the vascular sympathetic control was partially preserved, since BP at rest was within the normal range in CCHS subjects, with no signs of orthostatic hypotension. However, there was no overshoot in BP during the active standing manoeuvre and steady standing BP levels in patients were not higher than supine BP levels as usually observed in healthy controls.
The cardiovascular autonomic dysfunction predominating on the vagal side in CCHS subjects can schematically reflect different mechanisms including: (i) a direct consequence of chemoreflex dysfunction in CCHS still present during spontaneous breathing; (ii) a vagal withdrawal resulting from a baroreflex failure of brainstem origin; and (iii) peripheral autonomic denervation. The number of glomus cells in the carotid body were shown to be diminished in CCHS, and the ultrastructural analysis of these cells revealed marked alterations, supporting the notion of a deficient 'hardware' in CCHS [17] . This could well reduce afferent chemoreceptor fibre discharges and consequently vagal tone through this interaction mechanism. A central interaction may also participate in the present baroreflex-chemoreflex interaction, simply because afferent fibres from peripheral chemoreceptors and arterial baroreceptors terminate on the NTS (nucleus tractus solitarii), in some instances on the same cells, where there are important opportunities for reflex interactions to occur. In fact, the autonomic control of respiration and circulation may be defective in CCHS patients due to developmental defects in the brainstem reflex circuits. The anatomical report of neuronal loss of the reticular nuclei and nearby cranial nerve nuclei, including the nucleus ambiguus and the hypoglossal and dorsal motor nucleus of the vagus nerve, observed in one patient supports what is likely to be a structural autonomic nervous system defect in CCHS [18] . The recent work of Dauger et al. [19] provided mechanistic insight into CCHS, which is associated with heterogeneous mutations in the PHOX2B gene [20] [21] [22] [23] . These authors examined the involvement of PHOX2B in the development of the NTS in PHOX2B-mutant mice [19] . Heterozygous PHOX2B mutants displayed altered responses to hypoxia and hypercapnia, which partially modelled the impaired autonomic control of breathing in CCHS [19] . Interestingly, the neural crest-derived carotid body degenerated in homozygous-mutant embryos, as did the visceral sensory ganglia (geniculate, petrosal and nodose), whereas their central target, the NTS, which integrates all visceral information, and the associated area postrema, never formed [19] . Another mechanism for explaining the data is a peripheral autonomic neuropathy in CCHS. Such a neuropathy should preferentially affect the vagal efferents in the absence of orthostatic hypotension. Pattyn et al. [24] observed that the differentiation of the hindbrain autonomic motorneurons is PHOX2B dependent. Observations of episodes of sinus bradycardia or transient asystole in CCHS subjects [6] , depending most probably on transient vagal activation, could indicate that the vagal nerves are not activated at rest rather than degenerated.
In conclusion, the cardiovascular profile of CCHS revealed a predominant vagal dysfunction with signs of vagal withdrawal and baroreflex failure and a relative preservation of cardiac and vascular sympathetic function. It is likely that the impaired ontogeny of the visceral reflexes includes the baroreceptive pathway and mainly its vagal component.
